Purpose: Malignant brain tumors are characterized by extensive infiltration into the normal brain tissue. Tumor migration is a complicated process which results from the interplay of a number of mechanisms, and the extent to which anatomic structure determined the migration pattern has not been extensively addressed. In the present study, we labeled C6 glioma cells with iron oxide nanoparticles and monitored the fate of the cells in vivo with magnetic resonance imaging (MRI). Procedures: C6 glioma cells were labeled with ferumoxide-poly-L-lysine complexes and their migration in the brains of rats tracked by T2-weighted MRI. The same amount of iron-laden cells were implanted into the caudate nucleus (CN) and at the vicinity of anterior commissure (AC), respectively, and MRI was performed during the course of 20-day monitoring period to track tumor growth and migration. Results: A clear tendency of tumor migration along the white matter fiber tracts was observed in the AC group, which is consistent with the previous reports; by contrast, tumor expanded to but remained confined within the boundary of right hemisphere in the CN group. Conclusion: We successfully demonstrated the ability of MRI to investigate the impact of anatomical structure on the glioma migration pathway in vivo.
Introduction
T umor cell invasion and migration is closely associated with cancer malignancy. Understanding the underlying mechanisms is a topic of considerable significance in cancer research. In general, tumor cells are highly adaptable, adopting various invasion mechanisms in response to changes in their environment. Taking brain tumor as an example, previous studies have found that diffuse astrocytomas, especially glioblastoma multiforme, invade the brain preferentially along the white matter fiber tracts [1, 2] . However, most previous studies on tracking glioma migration were conducted with histological approaches such as by fast blue and Dil staining on biopsy samples [3] . Due to the limited amount of tissue sample available and the heterogeneous nature of tumor, the staining results may be unrepresentative and misleading. Successful cell trafficking with lac-Z transfected human glioma cells in rat brain has been reported [2] . This strategy too, however, requires ex vivo analysis, not to mention the need to euthanize a large number of animals to achieve a statistically significant temporal profile [4] . Therefore, although substantial progress has been made in vitro and ex vivo, it is still poorly understood at the in vivo level which factors are implicated in the invasion and migration of glioma [5] .
Recent advances in molecular imaging have made it possible to track cell migration in vivo in a non-invasive and real-time manner; and along this line, a variety of celllabeling techniques have been developed. In preclinical studies, optical reporter genes such as luciferases [6] [7] [8] [9] and fluorescent proteins [10, 11] have been adopted for genetic cell labeling. While proving useful, the application of these methodologies is limited by the inherent low resolution and poor depth of penetration of optical imaging. Also, efforts have been made towards developing approaches of labeling cells with highly sensitive PET and SPECT techniques [12] [13] [14] . These may be limited by problems in labeling cells with radionuclides, including efflux of the radionuclides, short half lives of radionuclides, and relatively low spatial resolution of PET and SPECT.
Magnetic resonance imaging (MRI), on the other hand, has emerged as a powerful tool in studying cell migration with excellent spatial and temporal resolution. In addition, MRI is used in both preclinical and clinical settings, potentially providing a role as a bridge between clinical and preclinical studies. As for cell labeling, exogenous compounds with magnetic properties, such as iron oxide nanoparticles, are widely utilized [15] [16] [17] [18] . Cells are labeled in vitro via phagocytosis, and in vivo, the contrast agents induce strong signal reduction on T2-weighted maps, resulting in negative contrast that can facilitate the tracking of the transplanted cells.
In the current study, we used poly-L-lysine-conjugated superparamagnetic iron oxide particles (PLL-SPIO) to label C6 glioma cells. We then intracerebrally injected 1×10 6 cells into the caudate nucleus (CN) or at the vicinity of the anterior commissure (AC) of Sprague-Dawley rats and tracked by MRI migration of the implanted cells during tumor growth. The purpose of this study was to demonstrate to what extent anatomical structure will affect the path of glioma migration.
Materials and Methods

Cell Culture of C6 Glioma Cells and Labeling of Glioma Cells with Iron Oxide Nanoparticles
The PLL-SPIO nanoparticles were generously provided by Dr. Ning Gu (Laboratory of Molecular and Biomolecular Electronics, Southeast University, Nanjing, China). The details of the particle synthesis and labeling have been previously reported [19] . C6 rat glioma cells were grown as a monolayer in 75-cm 2 sterile plastic flasks in F12K media (Gibco) with 10% FBS. Cells were cultured in an incubator at 37°C in an atmosphere of 95% air and 5% CO 2 until confluent.
The nanoparticles were added to the culture media to arrive at a final concentration of 25 μg Fe per milliliter, and the labeling was carried on for 24 h. To determine the SPIO labeling efficiency, cells were stained with Prussian blue, and the percentage of the stained cells was counted under a microscope (Leica, Germany). The cell viability was measured at 24, 48, and 72 h after SPIO labeling via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays and was compared with that of the unlabeled cells (Fig. 1a) . The C6 cells were seeded at 4×10 3 /well into 96-well plates, and Fe 2 O 3 -PLL was added the next day to reach a final iron concentration of 25 μg Fe per milliliter. The incubation was stopped at 24, 48, and 72 h, and 20 μL of MTT solution (5 mg/mL, Fluka Co., Switzerland) was added into each well and incubated for 4 h at 37°C under 5% CO 2 atmosphere. After the supernatant was discarded, 150 μL of dimethyl sulfoxide (Shanghai Bioengineering Co., Shanghai, China) was added into each well, and the plate was gently shaken for 10 min. The absorption at 570 nm was measured by a spectrophotometer (Sepctra MAX 250, Molecular Devices Corp, Sunnyvale, CA, USA).
After cell labeling, the cells were detached from the flask surface with 0.05% trypsin-EDTA solution and were thoroughly washed three times with phosphate-buffered saline (PBS). The cells were resuspended in PBS at a concentration of 1×10 5 cell/μL for transplantation.
Animal Model Preparation
All the animal studies were approved by the ethics committee of Medical College of Nanjing University and were conducted in compliance with the local guidelines for animal care. Adult male Sprague-Dawley rats weighing 220-220 g were group-housed in a temperature-controlled room with access to chow and water ad libitum under 12 h light-dark conditions. The rats (n=8) were anesthetized with 10% chloral hydrate (4 mL/kg i.p.) before surgery. A small skin incision was made over the right hemisphere and a high-speed drill was used to create a 0.5-mm-in-diameter burr hole through the skull. Subsequently, the rats were divided into two groups, and cells in PBS were infused at the following coordinates in relation to bregma using a stereotaxic apparatus (Stoelting company): (1) the caudate nucleus (CN): anterior-posterior, 10 mm; lateral, 25 mm; ventral, −45 mm; and (2) the vicinity of anterior commissure (AC): anterior-posterior, 16 mm; lateral, 25 mm; ventral, −60 mm. For each rat, a total amount of 10 μL (1×10 6 C6 cells) was transplanted using a Hamilton syringe fitted with a 30 G 0.5-inch needle. Two minutes after the injection, the needle was slowly withdrawn, and the burr hole was filled with bone wax to minimize the extracerebral extension of the tumor tissue. The skin was sutured together, and the rats were allowed to recover.
In Vivo MRI Trafficking of the Iron-Loaded Glioma Cells
The two groups of rats were subjected to the MRI scans on day 3, 6, 12, 16, and 20 after tumor cell implantation on a 7.0 T MR scanner (Biospin, Bruker, Germany). For MRI examination, rats were anesthetized with 10% chloral hydrate (4 mL/kg i.p.) and were maintained at 37°C inside the imaging chamber using a heated circulating water blanket. Multi-slice axial and coronal images were acquired using a standard spin echo sequence with the following parameters: TR/TE=3,500/36, FOV=40×40 mm, matrix=386× 512, slice thickness=0.4 mm, and slice separation=0.65 mm.
Histology
After completion of the final scan, the animals were euthanized and were transcardially perfused with saline followed by 4% paraformaldehyde (PFA). Brains were collected and fixed for 24 h in 3% PFA, followed by cryopreservation in 3% PFA/sucrose for another 48 h. Subsequently, the brains were cut into 40 μm sections. Iron deposits were detected using Prussian blue staining on adjacent brain sections. In brief, slices were incubated in 2% potassium ferrocyanide (Perl's reagent; Sigma) with 2% HCl for 20 min, and were then washed and counterstained with erythrosin. The Fe content was visualized as blue dots after the staining (Fig. 1b) .
Results
In Vitro C6 Cell Labeling with PLL-SPIOs
The effect of PLL-SPIOs on C6 proliferation was evaluated with an MTT assay. At a concentration of 25 μg/mL, no significant difference in viability was observed between the labeled cells and the control (P=0.061), 48 h (P=0.064), and 72 h (P=0.189) after labeling with PLL-SPIOs (Fig. 1a) . Prussian blue staining was conducted on C6 cells after 24 h incubation. As displayed in Fig. 1b , the loaded Fe, visualized as blue spots, was found in the cytoplasm of over 90% of the cells.
In Vivo Tracking of the Implanted C6 Glioma Cells
Eight rats were divided evenly into two groups, and each rat was implanted with 1×10 6 iron-laden C6 cells at the right caudate nucleus (CN) (n=4) or the vicinity of anterior commissure (AC) (n=4). A series of MRI scans were performed after the C6 cell implantation. The first MRI scan on day 3 found areas of strong hypointensities at the right caudate nucleus and the vicinity of anterior commissure for the CN group and the AC group, respectively. The locations of the "dark" areas were well correlated with the designated injection sites and were believed to be due to the presence of Fe-laden cells (Fig. 2) . In the CN group, the implanted cells, aside from limited diffusion, maintained their position. On day 12 and 16, we observed a radical cell diffusion pattern from the original injection place and, concomitantly, a decrease in the hypointensity, which we attributed to the dilution of iron through cell proliferation (Fig. 3) . Notably, the hypointensities were found expanded to but remained confined within the boundary of right hemisphere on day 20.
On the other hand, clear cell migration along the anterior commissure was observed in the AC group on day 6 (Fig. 4) which continued throughout the rest of the observation period. The hypointense signals, originally observed in the vicinity of anterior commissure of the right hemisphere, trespassed into the left hemisphere by day 20.
Histology Studies
After the day 20 imaging, the rats were euthanized, and Prussian blue staining was performed on the tissue samples. For the AC group, positive Prussian blue staining was found in the right hemisphere as well as across the anterior commissure in the left hemisphere (Fig. 5) . For the CN group, positive Prussian blue staining was found exclusively within the right caudate nucleus, along with the observation of brown plaques that were indicative of hemosiderin (Fig. 6) .
Discussion
Previous studies have revealed that gliomas are capable of spreading diffusely through the brain, preferentially infiltrating along white matter tracts [1, 2] . Although the molecular mechanism of tumor cell invasion is not well understood, it is believed to be implicated with the constitutive extracellular ligands that are expressed along the dissemination pathway [20] . Meanwhile, matrix metalloproteases, which remodel the extracellular matrix, may also play a role and create a more permissive environment in favor of tumor invasion [21] . However, it has not been studied previously whether the tendency of tumor cells migrating along the fiber tracts of the white matter can be enhanced by specific anatomical structures in the brain.
In the current study, SPIO-labeled C6 cells were implanted into the caudate nucleus (CN) and at the vicinity of anterior commissure (AC). We then used high-resolution MRI to monitor tumor cell migration. On that previously report by Pederson et al. [2] , who found that glioma cells migrate over the corpus callosum and around blood vessels on day 3 after tumor spheroids implantation. Indeed, from day 12 of our study, C6 cells were found across anterior commissure into the left hemisphere in the AC group, but not in the CN group. In the CN group, despite a rapid growth rate, the tumor was found restricted in the right hemisphere. Such differences clearly show that the tumor invasion and migration pattern is affected by its location.
The fibers of the anterior commissure connect the olfactory tracts and the piriform, prepiriform, and amygdaloid bodies. Lower animals typically have a larger olfactory tracts and large anterior commissure than humans [5] . Unlike the peripheral nervous system (PNS), most central nervous system (CNS) axons are myelinated. Andersson et al. found that tumor cells preferentially migrate on myelinated fiber tracts rather than on unmyelinated fiber tracts or on gray matter [3] . This gives a terrain advantage to the AC group and helps to explain the cellular migration observed in the AC group but not in the CN group.
In this study, we used non-invasive MRI to investigate the influence of anatomical structure on glioma migration pathway. Compared with the traditional histopathological methods that are highly invasive, MRI technology, in combination with efficient iron oxide nanoparticle labeling techniques, offers an alternative strategy that allows longitudinal trafficking of implants with a high spatial resolution and a much improved animal attrition rate. However, just like any another method, such techniques have their own limitations. One disadvantage is that the SPIO, as nongenetic materials, will be degraded and divided among the daughter cells through the tumor growth [22] . This dilution attenuates signal with time, limiting the effective observation period to a maximum of 2-3 weeks [22] . Moreover, confounding factors other than particle susceptibility may contribute to the signal attenuation, which cannot be distinguished by MRI. Among these factors, hemorrhage (tumor necrosis) might be the most common, as was observed in our study. It suggests that, in many cases, histologic analysis may be indispensable in validating the imaging results [23] .
We are aware of several limitations in our work. First, the present study is based on a C6 glioma model, which exhibits rapid tumor growth. It is possible that other tumor types, especially those with less invasiveness, may demonstrate different migration patterns under the same conditions. It is of our interest to evaluate in future studies those potential discrepancies and reveal the underlying mechanisms of tumor invasion and migration. Second, in contrast with nuclear medicine techniques such as PET and SPECT, MRI is known for being of low sensitivity. It is therefore interesting to label cells with more than one tag and use multimodal methods to improve the data quality and reduce the risk of data misinterpretation. Last but not least, the implanted cells might die during the observation period. This causes a release of the imbedded SPIO, which might remain in the intercellular space or be phagocytized by macrophages. In either case, the associated hypointensities cease to report the whereabouts of the implanted cells. Careful histologic assays are thus needed to confirm or correct the observation made by the MRI. 
Conclusion
We have shown in this study that C6 glioma cells can be labeled effectively and efficiently by PLL-SPIOs with negligible influence on cell viability or proliferation rates. We then implanted labeled C6 cells into CN and at the vicinity of AC of rat brain and used MRI to track the migration of the cells over time. A tendency of tumor cells migrating along the white matter fiber tracts was observed. Meanwhile, difference in migration pattern was found between the CN group and the AC group, suggesting the impact of anatomical structure on the tumor migration pathway.
